The aim of the present study was to investigate the effects of concentric (CON) and eccentric (ECC) training on stiffness and blood circulation of the tendon, and clarify whether relative changes in tendon stiffness are related to those in tendon blood circulation. 17 subjects were assigned to training (n = 9) and control (n = 8) groups. Training group completed 12 weeks of unilateral training program for knee extensors. They performed 5 sets of CON or ECC at 80 % of 1RM with 10 repetitions. Before and after training, cross-sectional area, stiffness, hysteresis, blood volume, and oxygen saturation of the patellar tendon were measured.
Introduction
Previous studies reported reduced pain levels in patients with tendinopathy following treatments involving eccentric training [2, 10, 21, 25] . However, the mechanisms responsible for the effectiveness of eccentric training currently remain unclear. Kjaer et al. [11] suggested that blood circulation within tendons contributes to their repair following various physical activities. We demonstrated that it was possible to evaluate blood circulation (blood volume and oxygen saturation) in human tendons using a laser oxygenation monitor [18] . With this technique, we found that changes in blood circulation of tendons differed among different contraction modes [15, 20] . For example, blood volume of the patellar tendon did not change after 3 months of isometric knee extension training, but significantly increased after dynamic training [20] . We more recently showed that changes in blood circulation of the Achilles tendon during and after repeated eccentric contractions were more prominent than those during and after repeated concentric contractions [15] . Yin et al. [30] also reported increases in blood volume and oxygen saturation of the patellar tendon after repeated knee extension eccentric exercises. Therefore, blood volume and oxygen saturation of tendons may be markedly higher after long-term eccentric training than concentric training.
Resistance training involving eccentric contractions has been shown to achieve greater improvements in muscle strength and size than that involving concentric contractions [1, 9] . In the last few decades, several studies have used ultrasonography to investigate the effects of various resistance training programs on the mechanical properties of human tendons in vivo [3, 20] . However, information regarding the effects of eccentric training on tendon properties remains limited [5, 6, [22] [23] [24] . These previous studies, except for that by Malliaras et al. [23] , indicated that resistance training programs involving eccentric contractions resulted in only slight increases or no changes in tendon stiffness [5, 6, 22, 24] . Foure et al. [6] reported that Achilles tendon stiffness did not change after 14 weeks of eccentric training. On the other hand, Malliaras et al. [23] showed that tendon stiffness increased by 59 % after eccentric training, and markedly increased ( + 75 %) with decreases in maximal elongation after concentric training. These findings indicate that increases in tendon stiffness after eccentric training are smaller than those after concentric training.
In the present study, we compared changes in blood circulation and stiffness of the patellar tendon after concentric and eccentric training. We hypothesized that eccentric training produces larger increases in tendon blood volume and oxygen saturation and smaller increases in tendon stiffness than concentric training. Our previous finding demonstrated that blood volume of the patellar tendon significantly increased after 12 weeks of dynamic training (tendon stiffness slightly increased), whereas it did not change after isometric training (tendon stiffness markedly increased) [20] . Therefore, we also expected changes in tendon stiffness to be related to the changes induced in tendon blood circulation by the concentric and eccentric training protocols.
Materials and Methods

Subjects
17 healthy males volunteered for this investigation. Subjects were randomly assigned to a training group (n = 9; age: 20.8 ± 0.5 yrs, height: 173.6 ± 5.5 cm, weight: 65.6 ± 7.7 kg, mean ± SD) and control group (n = 8; age: 20.5 ± 0.4 yrs, height: 169.4 ± 6.0 cm, body mass: 67.6 ± 8.7 kg). Subjects were physically active but had not participated in any organized program involving regular exercise for at least 1 year before testing. They were fully informed of the procedures to be utilized as well as the purpose of the study. All subjects provided written informed consent. All procedures met the ethical standards set by the International Journal of Sports Medicine [7] . This study was approved by the Ethics Committee for Human Experiments, Department of Life Science (Sports Sciences), The University of Tokyo.
Training
Subjects performed a unilateral knee extension exercise in a seated position with a knee extension machine (Everynew, Tokyo, Japan). The range of motion of the knee joint was from 90 °to 0 ° (0 ° = full extension). Subjects trained 3 times a week for 12 weeks. They trained one leg with concentric contractions (CON) and the other leg with eccentric contractions (ECC). In each subject, the right and left legs were randomly allocated to each of the 2 training protocols. In CON, subjects performed a concentric knee extension at a constant velocity for approximately 1 s, and then returned to the starting position over 3 s with the investigator holding the weight to prevent eccentric contractions. In ECC, subjects performed an eccentric knee extension while lowering a weight at a constant velocity for approximately 3 s, and then returned to the starting position over 1 s with the investigator holding the weight to prevent concentric contractions. In the present study, subjects repeated the movement at an approximately constant speed and frequency with the aid of a metronome. They performed 5 sets of exercise, which consisted of unilateral knee extensions at 80 % of one repetition maximum (1 RM) with 10 repetitions per set, with a rest interval of 1 min. In the training session, subjects trained the CON protocol leg first and then the ECC protocol leg, and in the next session the order was reversed. The measurement of 1 RM was performed every 4 weeks to adjust the training load. Throughout the experimental period, 1 RM values significantly increased by 62.4 ± 13.9 % for CON and 48.5 ± 17.3 % for ECC (both p < 0.001, ▶ Fig. 1) , and no significant difference in the relative increase in 1 RM was found between CON and ECC (p = 0.079). No significant differences were noted in 1 RM before and after 4, 8, and 12 weeks between CON and ECC. In the present study, the mean 1 RM of both legs was adopted to make the load of each leg equal.
Experimental design
Before the experimental phase of this study was initiated, subjects visited the laboratory in order to become familiar with the measurements of muscle and tendon properties as described below. All subjects were tested at baseline (before training) and 3-7 days after the last training session (after training). All measurements were performed at almost the same time of day in order to minimize diurnal effects. In the training group, the right and left legs of each subject were measured on different days in order to avoid the effects of fatigue. In the control group, only the right legs of subjects were measured.
Tendon cross-sectional area
The cross-sectional area of the patellar tendon was measured using an ultrasonic apparatus (SSD-6500, Aloka, Tokyo, Japan) at 50 % of the patellar tendon length. Subjects remained in a supine position with the knee joint flexed at an angle of 90 ° (full extension = 0 °) and the muscles relaxed. An outline of the tendon was traced from the axial image, and the traced image was transferred to a computer in order to calculate the tendon CSA using open-source image analysis software (Image J, NIH, Bethesda, MD).
The repeatability of the measurement of tendon cross-sectional area was investigated on 2 separate days in a preliminary study with 7 young males. No significant differences were observed between the test and retest values of the tendon cross-sectional area. The intraclass correlation coefficient (ICC) and coefficient of variation (CV) were 0.92 and 2.7 %, respectively.
Blood volume and oxygen saturation of patellar tendon
The posture of subjects was the same as that for the measurement of the tendon cross-sectional area described above. During the resting state, we measured blood circulation (oxyhemoglobin; Oxy, deoxyhemoglobin; Deoxy, total hemoglobin; THb, oxygen saturation; StO 2 ) of the patellar tendon. In order to measure blood circulation of the tendon using a laser oxygenation monitor (BOM-L1TRSF, Omega Wave), a probe was positioned at the middle site of the patellar tendon. This instrument uses 3 red laser lights (635, 650, and 690 nm) and calculates the relative tissue levels of Oxy, Deoxy, and THb (corresponding to blood volume) according to the Beer-Lambert law. The distance between the light source and photodetector was 8 mm. The measured variables at a specific depth (measurement depth of 5-8 mm) of the tissue were measured by changing the location of the 2 detectors [12, 16] . Details of the technique and principles of this instrument (red laser lights) have been described in our previous studies [16, 18] . Briefly, the 2-point detection and differential calculation methods were used to measure blood circulation in the deep region of the tissue only (see ▶ Fig. 1 of Ref 16). Oxy, Deoxy, and THb at specific tissue depths were measured by changing the location of the 2 detectors. The offset values of Oxy, Deoxy, and THb were reduced, and a highly sensitive measurement was achieved using the 2-point detection method. The precision and validity of this procedure were presented and discussed in our previous studies [16, 18] . In the present study, data obtained at the superficial site (measurement depth of 0-5 mm; including the skin and subcutaneous fat) were also presented.
In the present study, the units of Oxy, Deoxy, and THb were expressed as µmol/l, although this did not represent the actual physical volume. StO 2 was calculated from Oxy and THb values using the following formula: StO 2 ( %) = 100 * Oxy · THb − 1 . Data were input into a personal computer at a sampling frequency of 10 Hz via an A/D transducer (Power Lab, AD Instruments, Australia). Mean values over a given duration (approximately 5 min) were calculated using analytical software (Chart ver. 7.1, AD Instruments, Australia). On each measurement day of the right and left legs, blood circulation was measured in both the right and left patellar tendons. The measured values that are shown below are the means of 2 tests.
The repeatability of measurements of tendon THb and StO 2 was confirmed in our previous studies [18, 20] . In the present study, comparisons of THb and StO 2 values of the patellar tendon between the 2 tests (on each day of the measurements for the right and left legs) revealed no significant differences, and ICC and CV were 0.82 and 5.0 % for THb and 0.84 and 5.7 % for StO 2 , respectively.
Mechanical properties of the patellar tendon
A subject sat in a specially designed isometric dynamometer (Applied Office, Tokyo, Japan) with support for the back, and the hip joint was flexed at an angle of 80 ° (full extension = 0 °) to standardize measurements and localize the action to the appropriate muscle group. The ankle was firmly attached to the lever arm of the dynamometer with a strap and fixed with the knee joint flexed at an angle of 90 °. The center of rotation of the dynamometer was visually aligned with the center of rotation of the knee joint under submaximal contraction conditions. Prior to testing, each subject performed a standardized warm-up and submaximal contractions to become accustomed to the test procedure. Subjects were instructed to develop a gradually increasing force from a relaxed state to a maximal voluntary contraction (MVC) within 5 s, followed by gradual relaxation within 5 s. The task was repeated 2 times per subject with at least 3 min between trials. The measured values that are shown below are the means of 2 trials.
The measured knee joint torque (TQ) was converted to tendon force by the following equation:
Tendon force = TQ · MA − 1 where MA is the moment arm length of the patellar tendon at 90 ° of knee flexion (42 mm; [26] ).
An ultrasonic apparatus with an 80 mm long probe (UST-5712, Aloka, Tokyo, Japan) was used to obtain longitudinal ultrasonic images of the patellar tendon. In the present study, elongation of the patellar tendon was assessed as a change in the distance between the tibia and distal apex of the patellar. Tendon force -elongation curves above 50 % MVC were fit to a linear regression equation, the slope of which was adopted as an index of stiffness of patellar tendon. The area within tendon force -elongation loop, as a percentage of the area beneath the curve during the ascending phase, was calculated as hysteresis.
The repeatability of the measurements of tendon stiffness and hysteresis was investigated on 2 separate days in a preliminary study with 7 young males. No significant differences were observed between the test and retest values of tendon stiffness and hysteresis. ICC and CV were 0.86 and 7.9 % for stiffness and 0.81 and 10.8 % for hysteresis, respectively.
Statistical analysis
Values are reported as means ± standard deviation. Differences in the tendon elongation values of tendon force-elongation curves between before and after training were analyzed by a paired Student's t-test. In the training group, differences in time (before and after training) and mode (CON, ECC, and no training) were tested using a 2-way ANOVA with repeated measures {3 (modes) × 2 (test times)}. The F ratios for main effects and interactions were considered significant. Significant differences among means were detected using the Bonferroni post-hoc test. When ANOVA revealed significant main effects for mode and time, whether or not there was a significant interaction between them, we returned to a one-way ANOVA with repeated measures to detect any significant changes from before training. In all ANOVAs, Mauchly's sphericity test was performed to assess the homogeneity of variance. The Greenhouse-Geisser correction was applied where assumption of sphericity was violated. Spearman's rank correlation test was used to assess relationships among the measured parameters. Statistical computations were performed using IBM SPSS Statistics (version 19). Significance was set at p < 0.05.
Results
▶ Fig. 2 shows the relationships between force and elongation of the patellar tendon before and after training. No significant differences were observed in tendon elongation values at any force production levels before and after training with CON and ECC. MVC values significantly increased by 17.3 % with CON (p = 0.002) and 15.2 % with ECC (p = 0.026). Maximal elongation, hysteresis, and cross-sectional area of the patellar tendon did not change after training with CON or ECC (▶table 1). The effects of mode and the interaction between time and mode were not significant for ten-don stiffness, although the effect of time was significant. Stiffness of the patellar tendon significantly increased by 55.8 % with CON (p = 0.014), but not with ECC (p = 0.246).
THb of the patellar tendon did not change after training with CON or ECC (p = 0.114 for CON, p = 0.415 for ECC) (▶ table 2). Regarding StO 2 of the patellar tendon, the effects of mode and the interaction between time and mode were not significant, although the effect of time was significant. StO 2 of the patellar tendon increased by 8.3 % with CON (p = 0.007) and by 6.3 % with ECC (p = 0.095). THb and StO 2 at the superficial site (measurement depth of 0-5 mm) did not change after training with CON or ECC (▶ table 2) .
The relative change in tendon stiffness did not correlate with relative changes in THb (r = 0.071, p = 0.779) or StO 2 (r = − 0.028, p = 0.913) of the patellar tendon (▶Fig. 3).
In the control group, no significant changes were found in the measured muscle and tendon variables after training (▶table 1, 2).
Discussion
The main results of the present study were that tendon stiffness significantly increased after CON, but not after ECC. Furthermore, the changes observed in tendon stiffness were not related to changes in blood volume or oxygen saturation of the tendon.
We recently reported that changes in blood circulation of the Achilles tendon during and after repeated eccentric contractions were more prominent than those during and after repeated concentric contractions [15] . Based on this finding, we hypothesized that, after 12 weeks of training, the eccentric training protocol would produce considerable increases in tendon blood volume and oxygen saturation than the concentric training protocol. However, this hypothesis was rejected in the present study. Furthermore, we previously reported that tendon blood volume significantly increased by 47 % after dynamic training (including concentric and eccentric contractions) [20] . Although the reasons for these discrepancies currently remain unknown, there are 3 possible explanations. Differences between the present results and our previous finding [15] may be due to differences in the exerted force level between the 2 protocols. In the present study, we used an identical load in order to equalize the imposed load between CON and ECC protocols. In our previous study [15] , the exerted torque values during repeated eccentric contractions were approximately 20 % greater than those during repeated concentric contractions. Another possible reason for the difference between our previous finding [20] and present results is the frequency of training per week (4 times per week in [20] , 3 times per week in the present study). In addition, the exerted muscle force was imposed on the tendon [20] , the exerted muscle force was imposed on the tendon during both contraction phases (concentric and eccentric phases). Therefore, the slight increase observed in blood volume for ECC (and CON) may be related to the lower amount of the load during training in the present study than in our previous studies [15, 20] . Although blood volume of the tendon did not change, oxygen saturation of the tendon increased with CON (p = 0.007) and ECC (p = 0.095). In our previous study [20] , oxygen saturation as well as blood volume of tendon significantly increased by 12.4 % (p = 0.033) (data not shown in [20] ). These findings may be related to an increase in blood inflow to the tendon induced by repeated muscle contractions during the experimental period and lower oxygen consumption by the tendon [4, 17] . On the other hand, oxygen saturation (as well as blood volume) of tendon did not change after 12 weeks of isometric training [20] . Therefore, it is clear that oxygen saturation of the tendon was increased by dynamic (regardless of the contraction mode) training. However, previous studies have indicated that treatments involving eccentric training achieved better results for tendon injuries than those involving concentric training [10, 21, 25, 31] . On the other hand, other studies showed that isometric exercise and heavy slow resistance training offered clinical gains for tendinopathy [13, 29] . Taking this point into account together with our previous findings and present results, it is possible that the effectiveness of eccentric training on chronic tendinosis may be related to other factors (e. g., changes in the mechanical properties of muscles and tendons) as well as changes in blood circulation within the tendon. For example, Mahienu et al. [22] showed that the dorsiflexion range of motion increased and passive resistive torque (corresponding to passive muscle stiffness) of plantar flexors decreased after 6 weeks of an eccentric training program, whereas Achilles tendon stiffness did not change. In future studies, we need to investigate the effects of eccentric training from various angles in order to clarify the mechanisms underlying its effectiveness.
Another interesting result of the present study was that tendon stiffness increased with CON but not with ECC; however, the difference observed in the relative increase in tendon stiffness was not significant due to the small sample size (n = 9). Our previous study showed that tendon stiffness markedly increased ( + 83 %) after isometric training but not after dynamic (including concentric and eccentric contractions) training [20] . Based on the present results and our previous findings, a slight increase in tendon stiffness after dynamic training may be largely affected by eccentric contractions during dynamic training. The present results showing the lack of changes in tendon stiffness for ECC were consistent with previous findings [5, 6, 22, 24] . On the other hand, Malliara et al. [23] reported that stiffness of the patellar tendon increased by 59 % after 12 weeks of eccentric training (similar to the protocol used in the present study). In Malliara et al. [23] , subjects in the eccentric training group lifted a weight with both legs and performed the lowering phase with one leg, and vice versa. Therefore, these procedures with each contraction mode group were not pure and may have been influenced by some other contraction mode. Furthermore, they showed that, after concentric training, tendon stiffness markedly increased ( + 75 %) and maximal elongation decreased. Considering these previous findings and the present results, increases in tendon stiffness by eccentric training appear to be lower than those by other contraction modes.
It currently remains unclear why the resistance training program involving eccentric contractions resulted in a slight increase or no change in tendon stiffness. Our previous study showed that blood volume of tendons significantly increased after 12 weeks of dynamic training (tendon stiffness slightly increased), whereas it did not change after isometric training (tendon stiffness markedly increased) [20] . Furthermore, we demonstrated that changes in blood circulation of the Achilles tendon during and after repeated eccentric contractions were more remarkable than those during and after repeated concentric contractions [15] . Based on these findings, we expected tendon extensibility (elasticity) to be preserved due to increases in blood volume and oxygen saturation within the tendon during the repair process after eccentric training. However, this hypothesis was rejected in the present study. In the present study, the blood volume of the tendon did not increase after eccentric training (▶table 2), and no correlations were found between relative changes in stiffness and blood volume or oxygen saturation of tendon (▶Fig. 3). When these points are considered together with the present results, the slight increase observed in tendon stiffness after eccentric training may be related to other factors (e. g., neuromuscular and mechanical factors) as well as changes in tendon blood circulation. Previous studies demonstrated that, during ankle bending exercises, the ground reaction force fluctuated at a higher frequency (approximately 10 Hz) during the heel-lowering (eccentric) phase [8, 27] . Rees et al. [28] suggested that these fluctuations in force provide an important stimulus for the remodeling of injured tendons. In any case, a slight increase in tendon stiffness after eccentric training may contribute to the good clinical results achieved by treatments involving eccentric training [2, 10, 21, 25] ; however, the relationship between tendon stiffness and the probability of tendon injuries has not yet been proven. ▶table 2 Blood volume and oxygen saturation of the patellar tendon and skin for CON, ECC, and control group Mean (sd). In the present study, we must draw attention to limitations and assumptions associated with the methodology followed. Firstly, an important methodological issue in the present study was whether measured THb and StO 2 truly reflected blood circulation of the patellar tendon. We observed, using ultrasonography, that the depth of the patellar tendon from the skin was 5.1 ± 0.6 mm at its superficial surface and 9.2 ± 0.6 mm at its deep surface. These values remained almost unchanged after 12 weeks of training. Therefore, we confirmed that the depth of the patellar tendon from the skin was consistent with the penetration depth of red laser lights. Secondly, we measured blood circulation of the tendon at the middle site of the patellar tendon. Kongsgaard et al. [14] reported that the cross-sectional area of the patellar tendon at the proximal and distal sites significantly increased after 12 weeks resistance training but was unchanged at the middle site. Therefore, blood circulation adaptations may have occurred at the proximal and distal sites of the patellar tendon. However, we were unable to measure blood circulation of the patellar tendon at the proximal and distal sites correctly because the depth of the patellar tendon from the skin at these sites differed from that at the middle site. Thirdly, we measured blood circulation of the tendon during rest but not during exercise. In the present study, we evaluated the chronic effects of training on blood circulation of tendon. We expected acute changes (increases) in the blood circulation of the tendon to accumulate during the experimental period (12 weeks). Indeed, we previously reported that the blood volume of the tendon transiently increased after cyclic contractions [19] , and thus the blood volume of the tendon during rest significantly increased after 12 weeks of resistance training (repeated cyclic contractions) [20] . Fourthly, we used an identical "load" to equalize the imposed load on the tendons between the CON and ECC protocols. However, it is very difficult to achieve the same duration during contractions between CON and ECC. Actually, subjects were unable to perform a concentric knee extension for 3 s. Therefore, the duration of the contraction for ECC was longer than that for CON in the present study. According to the result obtained on tendon stiffness, tendon stiffness increased with CON (the contraction duration was shorter), but not with ECC (the contraction duration was longer). Therefore, this point (1 s for CON and 3 s for ECC) did not appear to affect the results on changes in tendon stiffness (tendon stiffness significantly increased with CON, but not with ECC).
In conclusion, tendon stiffness increased after concentric training but not after eccentric training; however, no significant differences in changes observed in size and blood circulation of the tendon were found between the 2 protocols. Furthermore, changes in tendon stiffness did not correlate with changes in blood circulation of the tendon. These results imply that the good clinical results achieved with eccentric training are related to other factors as well as changes in blood circulation within the tendon.
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